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SYNOPSIS 
The integrated approach of engineering systems analysis enables 
one to outline a systematic method of solution of a number of 
engineering problems. 
The investigation of the problem usually starts with the 
definition of a physical model of the system on the basis of a set 
of requirements; the system can be some equipment like a valve or a 
pump. The physical model is normally much too complex to be 
investigated directly, therefore, through asstunptions it is simplified 
to an abstract model. 
From the abstract model, again via assumptions, a mathematical 
, 
model is derived which combines the separate subsystems (mechanical, 
hydraulic, etc.,) into an integrated netw€lrk of ideai network elements." 
" ,; .. i';', ;: .. "i ; 
Network topology enables the investigator to obtaih a's-Eiti:of.' 
independent equations which can then be solved. 
/ '''0' "., ..••.• ." •• ~ ........... ~ ." ; 
In parallel wirth the' ":,~. ! 
i 
... . . .., ~ 
analytical work tests on the phYSical model are carried out to icompare:J , ' 
. I ~ 
.......... ' 
the accuracy of the analysis and, hence, to make suitable adj~tment-s"";~:, 
in the theory. 
{,,: . .";I . 
The knowledge gained from the exercise just described is used 
with other considerations for the design of a new or improved product. 
This is the approach which has been adopted in this thesis to 
':. "; ! 
\ 
the analysis of a hydraulic, solenoid-actuated, four-port, directional-
control valve. 
The experimental work was restricted to the operation of the 
. 
valve with fluid flow through two ports only, further to Fig. 1.1 
~he hydraulic supply was co~ected to portP; and port 'A: to tank. 
This meant that the fluid was passing through a single orifice without 
flowing into an external load such as a hydraulic motor. This is in 
accordance with the definition of the system under investigation 
discuss~d later. 
The complete system was simulated by means of digital and 
analogue computers, and in addition, programmes have been suggested 
to make suitable design changes in the valve. 
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NOTATION 
voltage* 
current* 
romoso value of voltage 
romoso value of current 
flux* 
magnetomotive force* 
velocitY* 
maximum velocity 
displacement* 
displacement* 
displacement of spool 
force* 
momentum* 
angular displacement* 
angular velocity 
flow rate-
pressure* 
time 
scaled time 
indicates differentiation 
Laplace operator 
. 
A dot above a variable also indicates differentiation. ~ 
Constants 
h 
1 
L 
Z 
r 
D 
R 
P 
po 
~r 
p 
G 
~ 
N 
A 
S 
M 
g 
height of water* 
length* 
length* or inductance 
initial compression of springs 
radius* 
diameter 
electrical resistance* or hydraulic resistance* 
permeance* 
absolute permeability 
relative permeability 
conductance* 
resistivity or denSity 
number of turns* 
area* 
surface* 
mass* 
gravitational acceleration 
dynamic viscosity 
kinematic viscosity 
Reynold's Number 
viscous friction coefficient 
C velocity coefficient 
v 
C contraction coefficient c 
CD discharge coefficient (= C C ) v c 
~N function 
K constant* 
<X constant* 
(3 constant* 
* suffix will be used where appropriate 
Note: Where one symbol can represent more than one 
variable or constant, the meaning of the symbol 
will be clear from the text. 
INTRODUCTION 
In general, a directional control valve is a device. which when 
connected between a hydraulic supply and a hydraulic motor enables 
the direction of the fluid flow to the motor to be reversed or 
stoppedo Examples of hydraulic systems which use these valves are, 
industrial presses, earth moving machinery, machine tools etc. 
With reference to Fig. 1.1 the valves body is usually made from 
a rectangular block of cast iron which is mounted to a base plate that 
allows the hydraulic pipes to be connected. From the pipe connections 
the fluid is conducted through channels to a centrally bored 
cylindrical hole in the valve body. Hence the fluid is directed to 
the ports. The directing of the fluid is achieved by a steel plunger 
which slides along the centrally bored cylindrical hole. The plunger 
is shaped like a spool and it is thus known by this name. The spool 
is centralised by two springs, in this position there will be no fluid 
flow to the motor. Attached to both ends of the valve body are 
electrical solenoids. The armature of these solenoids can push the 
spool, via striker pins, in either direction. The direction depends 
upon which solenoid is energised. When the spool has been moved in 
either direction there will be fl~d flow.to the motor. 
In the number of equations English units have been retained and 
in others SoI. units are used o It is felt that at the time of doing 
this work English units gave a better "feel" for the problem and would 
be more meaningful to the possible users of this work. 
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1.1 Statement of the problem 
It is thought that there are three main problems 
concerning these valves. 
These are :-
(1) Low force available from solenoid to actuate the spool. 
The ultimate performance of a particular valve is 
assessed by the maximum hydraulic power which it can 
control, this is related to the force available from 
the solenoid. Hence it appears that the larger the 
force the higher the controllable power. 
(2) There is a tendency towards standardisation of mounting 
valves. This implies that the overall size of the 
valve is restricted. 
(3) In an increasing number of applications it is desirable 
to control the solenoid directly from small signal 
sources (e.go , transducers and solid state devices), 
This implies that the.control current is small. 
In addition a further problem, which can be important 
in certain applications, is the speed of operation of .~~e spool. 
To effect this, the force available from the solenoid should be 
large to overcome the resisting fqrce; and the inertia of the 
moving parts should be small, hence a powerful solenoid and 
small moving parts are required. 
From the foregoing it is concluded that the requirements 
in design of a solenoid controlled, spool-type, directional 
control valve are conflicting. To aChieye optimum design and 
performance it is necessary to have a thorough understanding 
12 
of the operation, steady state and, dynamic characteristics 
of the complete system, as defined in Figo 1020 
In all previous work the analysis has been concerned 
with either (a) consideration of the solenoid or (b) the 
mechanical-hydraulic parts of the valve. It is thus the 
intention of this investigation to consider the valve system 
as a whole making use of the systems approach(1,2,3) and in 
particular to make use of network analYSis(4,5). 
However, before the complete system, as shown in Fig. 
1.2, can be considered it is first necessary to analyse its 
individual partso Thus initially, the electrical and hydro-
mechanical sUb-systems of the valve are considered separately. 
The operation of the valve is governed by the motion 
of the spool. Thus the analysis is basically concerned with 
the systematic derivation of a set'of differential equations 
effecting this motiono In order to determine the parameters 
in the equations theoretical and experimental work are to be 
carried out. Extensive use is made of analogue and digital 
computingo 
1.2 Historical Background 
Much work has been done on the analysis and design of 
servo_valves(6,7,8,9,10,11,12), these normally assume that 
the spool of the valve is displaced by only a small amount. 
Very little consideration is given to the devices (solenoid, 
torque motor) which actuates the spoolo There is a scarcity 
of work which specifically deals with directional control valv~. 
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Such work that there is consists of detailed investigation 
of the flow of fluid through the valve(13,14,15) it considers 
such matters as cavi ta tion in the flo,,;, the angle of the 
stream of fluid immediately down stream of the orifice, and 
the type of flow, ioe., turbulant or laminaro The main 
conclusion that can be drawn from these papers is that the 
flow characteristics alter as the spool moves across the ports, 
thus suggesting that there are distinct operating regions. 
Reference 12 deals with the valves hydromechanical system, and 
in this paper the operating time of the spool is determined 
and experimental results are presented which verify the 
theoretical results. It is of interest to note that the flow 
characteristics are assumed to be the same throughout the . 
entire spool movement, which is contrary to the conclusion that 
can be drawn from references(13,14!15)o When conSidering the 
operating time of the valve it is equally important to consider 
the electrical energy stored in the solenoid, as this will 
cause an additional delay timeo It is not thought that the 
total operating time can be found by simply adding the 
operating times of the hydromechanical system to that of the 
solenoid, since there could be interaction between the two 
systems. 
Reference 16 develops analogues between the electrical 
and hydraulic elements. The reason given for this, quoting 
from the text is that "Much empirical data is available for 
specific fluid pol'Ter design problems, but a systems approach 
comparable to the electrical science is almost non-existent. 
This is a serious handicap to efficient, creative, and 
analytical synthesis or analysis of hydraulic components and 
circuits. The essential principles of mechanics, electronics 
and thermo-dynamics all apply as fluid does its work. This 
series introduces a powerful new approach in solving dynamic 
problems in fluid power by using basic analogies. Adapting 
the techniques of electrical analysis leads to a homogeneous 
control philosophy which applies to all engineering system". 
Thus taking this idea one step further, if each eleme~t in a 
system, be it electrical, hydraulic, mechanical, etc., can be 
represented by its own network and if these networks can be 
connected together into a complete mixed system, then the 
powerful methods of network analysis can be used to analyse 
the behaviour of the system. 
A major contribution to th~ understanding of the 
hydraulic valve is to be found in the book by Blackburn, 
Reethof and Shearer(17). Similarly the subject of solenoids is 
well presented in the book by Rotar(18). 
For the preparation of this work the above references, 
along with others mentioned elsewhere in this thesis, have 
been studied and in addition a post graduate course in 
Automation Engineering was attended at the City University, , 
details of which are given in the Appendix. 
Ib 
20 Electrical SUb-System 
In this chapter the solenoid is considered as a separate 
system, its network representation is developed and experimental 
results are presented. 
2.1 Theory 
2.101 
The force developed by a solenoid as a function of the 
relevant quantities is derived from energy considerations. 
In the resulting equations it is found necessary to consider 
the permeance, and the rate of change of permeance with respect 
to displacement of the solenoid's armature. 
Deve10prrent of the abstract model 
A solenoid can be termed an electromechanical 
transducer(2). The phenomenon that is utilized in a solenoid 
is that of a mechanical force exerted on a ferromagnetic 
material tending to align it with, or bring it into the 
position of, the densest part of the magnet~field (See Fig. 
201)0 Provided that the magnetic field is created by a 
current carrying coil, the process is reversible, i.e., if the 
ferromagnetic material is moved i~ will cause a change in flUx 
linking the coil and thus induce a voltage in the COil(18,19,20). 
By applying the general principle of conservation of 
energy to the system the energy flow diagram can be obtained, 
as in Fig. 2.2 
From Fig. 202 the energy balance,'can be written in 
differential form, thus, 
Consider each of the terms given in equation 2.1 
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The dW(elect input) is the energy supplied from some 
electrical source, which has terminal voltage: e 
s 
The dW(elect. loss) will be due to the resistance of 
the wire used to wind the coil, let this resistance be R , 
e 
The dW(fld. stored) will be the energy necessary to set 
up the flux in the magnetic circuit and thus will be some 
function of the flux and the magnet~motive force (m.m.f.) 
which sets up the flux. The precise relationship will be found 
from equation 2.10 
The dW(fld. loss) comprises of eddy current, and hysteresis, 
loss. The eddy current loss takes the form of heating in the 
iron yoke and armature due to cir,cula ting currents that are 
induced by the changing field. Thus this loss will be a 
function of the frequency of the supply voltage. These currents 
are reduced by a lamination of the iron paths. 
When the flux is changing in a ferromagnetic material 
it will always lag behind the changing mom.f., this results in 
hysteresis loss which is proportional to'frequencyo This loss 
\9 
is also dependent on the type of iron, it is minimum when soft 
iron is used. 
The solenoid under considera tion operates at 50 Hz. and 
uses soft, laminated iron, therefore these losses will be 
neglected. 
The dW(Mech. losses) is the energy necessary to over-
come friction losses in the armature. It is intended to 
consider this loss as part of the system which the solenoid 
drives and if dW(useful ~ech.output) is the energy necessary 
to drive the preceeding system, i.e., spool in this case, then 
let 
d.'tJ(fI'llcl.C~~~+ A-VJ(.lJ~Q0~t M~t-l.~v-t1>\).~) =J.\N(~'~~iNf) 
(2.6) 
Let f be the total force delivered by the armature and 
dx its incremental movement, then, 
(2.7) 
Substituting equation 2.2 to 2.7 in equation 2.1 
(2.8) 
rearranging equation 2.8 gives 
• 
d. w r~ t (\. ':> t:;w 1') -= (c s - _-t \( e.') A. J"-: - ~ c-\.:<. (2.9)' 
20 
where e is the induced voltage across the coil and N is the 
number of turns associated with flux, thus, 
e _. N .(2.11) 
Therefore substituting equations 2.10 and 2.11 in equation 
2.9 gives, 
(2.12) 
If the armature in the system of Fig. 2.1 is held 
still then dx will be zero and no mechanical work will be done, 
but a force will still exist acting on the armature, 
(2.13) 
Thus energy stores in field due to change of ~ from ¢, to 
cP?.. is, 
(2.14) 
Now i N is a function of ¢ where(18) 
i~) -
where 
~I 
o 
- - - -c. 
--~ 
AN 
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W 
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e.m.t. caused by the rate of 
e change of tlux (which is due 
to the change in pe·rmeance) 
~---------~---~ 
;.N 
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In air and for a fixed armature displacement P will be a 
constant but in iron P will depend on the value of ~ and the 
slope of the curve in Fig. 2.3 will not be constant. 
By considering equation 2.14 it can be seen that the 
increased energy stored in the field when ¢ increases from 
9, to ~'J... is represented by the area a deb in Fig. 2.3. 
Substituting equation 2.15 in 2.14 for the case when the field 
is in air, and letting the flux vary between 0 and ~ 
or by substituting equation 2.15 in 2.16. 
Consider the case when the armature is allowed to move 
a small distance dx. Let the armature of Fig. 201 be held 
away from the yoke until the current has reached its steady 
state value and then al101>Ted to move a small distance dx, the 
resulting flux/mom.f. curve is shown in Fig. 2.4 
Area 0 a c 0 = energy extracted trom the electrical source, 
and absorbed by the magnetic field. 
Area 0 e h 0 = energy stored after movement dx. 
Thus increase in stored energy is, 
But from equation 2012 i.e., 
'\,! , ,~ \' \. ., \ .. t' ~ .-l r/:> - ~ J X ~i... ,'J \ J. \ ... 
where j N J. ¢ = area a c h e a 
2~ 
o a e 0 represents the crillillge in stored energy when F is 
maintained constant and the flux changes by d P therefore 
from e~uation 2.17. 
(this is a decrease in stored energy) 
o 
o 0 substituting e~uation 2019 in 2018 yields 
(2.20) 
but 1> = FP, where P is a function of x. 
o 
• • e~uation 2.20 becomes 
+ = (2021) 
Having found the relations~ip for the force develope~ 
by the solenoid it is necessary to consider its representation 
as a network. 
If the solenoid's coil has resistance R , inductance L, 
e 
and the applied voltage i~ e , the electric circuit is sho~~ 
s 
in Fig. 2.5 •. 
24 
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From this circuit, the mesh equation is, 
(2022) 
Now since e is a sinusoidally varying voltage, i 
s 
will be time dependent. The self-inductance L is defined as 
the ratio of flux linkage to current 
\...... = . 
A 
P depends on x which in turn is time dependent, therefore 
equation 2022 becomes, 
. 
'v dol 
-= ..A. "e. + L -o.."t 
and substituting for equation .2.23, 
Equation 2.25 is modified to give 2.26 because it is more 
convenient to calculate dP/dx than dP/dt. 
(2.25) 
If the mass of the solenoid armature is represented by 
Ms and its viscous frictiQn coefficient is Fs then by considering 
equation 2021 and 2.26 the network in Figo 2.6 representing the 
. 
solenoid can be constructed. 
2 
In any numerical work it is necessary to find P and 
dP/dx. Usually(19,20,21) only the main flux paths are 
considered and fringing and leakage are neglected. HOVlever, 
to obtain reasonably accurate results it is necessary to 
consider these flux paths. A comparison of results showing the 
validity of this statement is given ucder section 204. 
The. t>e.\-1V\e.Od\c..~ \ s ~'\\lQ..V\. ~ d 0-0) 
_ )J.. 0 P. r 0.#...0., 
'P -r~jtl 
To estimate the permeance of a flux path for a given geometrical 
configuration the mean length of that path and its average 
cross-sectional area must be determined. This has been done in 
~eference 18 and these results are used in this work. 
Consider the cross-section of the solenoid as shown in 
Figo 2.7. 
To find the total permeance of the flux paths initially, 
the following assumptions will be made. 
(1) the permeance of the air path will always be much 
greater than that of the iron path. 
(2) the effect of the shading rings is small when there 
is any significant air gap. 
The effect of these assumptions are investigated in 201.3 and 
2.4.. Let each air path be represented by a resistor of 
conductance G1, G2 ••• 0 etc., whereG1 is equivalent to P1 and 
similarly for others. Th~refore the electrical analogue(21) of 
the magnetic circuit shown in Fig. 2.7 is given in Fig. 2.8. 
The numbering of conductances corresponds to flux paths, 
in Fig. 2.7. 
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Considering Figo 208. 
Conductance of branch A and B 
Now total conductance of circuit is, 
Combining equation 2028 and 2029 with 2030 gives, 
~ ~ i~ ~'t +ZCi 3 + 2 62-+ 2 Gt,)(2G:; + 2l7~+2Gs' +G1 ) 
T 1~\ +2G-t +2tT!.-r2G4 of 2Gc-t-2G~-+-G..,-t2~~ 
Replacing G's for pIS in equation 2.31. 
From equation 2.27 the values of P1 to P8 are determined 
using the solenoid's dimensions, for the different 
configurations shown in Figo 207, see Figso 2.9 to 2013. 
2.1.2 Application of theory to particular solenoids 
(2031) 
(2.32) 
The directional c~ntrol, valve under consideration(22) 
uses solenoids type 18-7202(23), the valve manufacturers are 
considering the use of other types of soi~noids(24)0 It is, 
therefore, intended to apply the theory developed in section 
2.1.1 to both solenoids. 
l'} 
'\~e..':.e.. to{'~ u..~ C\. ~()M ~ ~e..,""e..",~e.. \ '& ~ 
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or when ~ < ,\' S t 
_.~.mean flux path 
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However, due to the distribution of the coil in the space 
t~, Fig. 2.13, equation 2.38 becomes (18), ' 
The physical dimensions of solenoid type 18-7202 
are given in Fig. 20140 
From considering Fig. 207 to 2.14 and equations 2.33 
to 2.39 the total permeance of the flux paths can be 
determined. Thus substituting the resulting equations into 
equations 2028 and 2029, gives, 
, r 0'">7) ().~-/..'S 7J __ -1 PA ::. 2.. L' O. 1. 75' + 0.77 ~ e~/ I -t-;' + x. 2"v;I"o 10 (2040 ) 
'D' 2.fr, I!!'," 0 -I"'() (O~-=±:2. \+ O. (,1 12. 5"4- 101-
's::: C.J !)+·7 I~ '(C1e x+o.oo1o) 'l(X -to.OOG)J . ~o (2.41) 
2 fll.-;q + o.4~7 -+ o. ~O~ -to O.77S-J.01 (! of- q~.2·7\ L X x+o.oo0 ae X / 
+ 0.7 7r 1" ~J~~~,'~;&~2.' ~tjpo /0- 1 (2.42) 
Let 
Therefore from equation 2.30 
(2.43) 
Thus the numerical value of PT for any particular value of 
x can be found by substituting equations 2 0 40, 2.41 and 2.42 
into equation 2.43 where x has the units of inches. Equation 
2043 is calculated by means of digital computer and the 
resulting curve is generated on analogue. computer as explained 
in 2.2 
It is also required to find the f~ction dP~dx, 
differentiating equation 20 43 , 
v 
.. -- !---
---J 
I I 
I 
\.Y17 I 
_1_'_ 
I I i 
: - b-O. tt9 9 r..-
I ' I 
r--- \·1S" ~ 
--
---
I 
I,""" 
I 
'---
~ I f-.-J i 
I I 
I I 
I 11 ' I . I~\---!-- ... -::::-__ ::J-:::._ . 
j 
i 
I I I 
I I rO.S16-'l 
, 
,-J . - .. \. 1 G----t·~; 
I~ 
l'e, 7 
I 
-'V-_~_~ 
(a) Armature 
\·1.1 
1.07 / 
~-- \·22 ----~ 
Ii 
L __ ~.---I _ 
I 
"'"'1 . o.(,~ ~ 
I i 
(b) Yoke and coil 
All dimensions in inches. . 
~~:olonoid ty;-,e 18-7202 dir.1ens~~ 
Fi,;. 2.14~ 
T 
r 
O. so5" 
---- 1-(~ -+ Q.ooCo) 
d'P" ':: _ 0.'207 
Jx .x,l.4·0.1.7x 
Thus the substitution of equations 2.45, 2046 and 2.47 into 
equation 2.44 will give the function of dPr!dx in terms of x. 
This is also found numerically by computi~. 
For the particular solenoid under test R was measured 
. e 
as 62 ~ and N given by the manufacturer as 1605. Thus 
equation 2.21 numerically. 
oLPr 
--' 
olx 
in which i can be substituted froM equation 2.26. 
Considering the case when the armature is held open 
at a fixed position and a sinusoidally varying input is applied 
0 Jx 0 • • :: dt. 
and E"' {2048)'c T :"" ( , 2-)'/4 K ~... -+.( ~ \J ... \=i-) 
34 
Substituting equation 2048 in the force equation 2021 gives: 
Magnet Schultz Solenoid 
This solenoid is of very similar design to the Expert 
solenoid and thus the same procedure is adopted. Fig. 2015 
show's the physical dimensions of the solenoid. 
The solenoid will have the same flux paths, thus from 
considering Figo 2.7 to 2013 and 2015 and equations 2.28, 
2029 and 2033 to 2039 the total permeance of the flux paths 
can be found. 
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w~w-... ,,~ d "PS! --d-x 
~~f\_ 
ctx 
cl("PsA+~e) 
cL~ 
2.4S()(+o.CJrJG) 0.'$3.\ (2.55) 
( >( -+ :-' . () () ... y-
0.123 o.37~ (2.56) 
X 2. + O.1.(l1X X~ 
From manufacturers literature number of turns is 1652 and 
resistance is 53.5 JlL 
2.1.3 Effect of shading rings 
Since a sinusoidally varyiRg voltage is applied to the 
terminals of the solenoid the force generated will be proportional 
to sine square (equation 2021). This means that the force 
becomes zero twice in one cycle causing vibrations in the valve 
systemo 
With reference to Fig. 2.16 single turns of copper wire 
lying at right angles to the main-flux path are inserted which 
. 
set up a secondary flux in the solenoid at 90° out of phase with 
the main flux i.e., when the main flux goes to ze.ro the secondary 
flux is at its maximum. This prevents the force generated by 
the armature from going c~mpletely to zero, therefore the 
vibrations of the armature will be reduced. The turns of copper 
wire are termed shading rings and in the solenoids under 
consideration there are two such shading rings. 
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It is now intended to calculate the additional force 
acting on the armature due to the shading rings. 
From equation 2021 
~ = i- ~s Ns --2.. (2.58) 
where i is the current circuJating in the shading rings, P 
s s 
is the permeance of the flux path produced by the shading 
rings and N is the number of turns. 
s 
Consider i :-
s 
::: 
where R is the resistance of the shading rings and can be 
s 
calculated from the knowledge of their dimensions and material. 
(2.60) 
where 3 is the resistivity of the material, 1 is the length 
of sbading rings and A is the cross-sectional area. 
e the induced voltage, 
s 
(2.61) 
J is'that portion of the main flux cutting the shading rings ~s . 
which passes through path 3 indicated in Figs. 2.7 and 2.16. 
. . 
Thus it is necessary to find this portion. 
3? 
Referring to Figo 2 0 8 let iN' be the magneto-motive force 
across branch A then, 
where ~i -=- ...\. W "?T 
where PT is the total permeance, i is the current in main coil. 
Substituting 
(2064) 
Substituting equation 2.64 for 2.61 and then into 2059 results 
differentiating 
a. (~~"p, 1'3!PA) 
J.~ 
Referring to Figo 207 and 2016 it is assumed that the 
flux generated by the shading rings will have a path passing 
through P1, P2' P3 and P40 The electrical analogue of these 
flux paths is given in Figo 2.17. 
From Fig. 2.17 
• 
1\ 
40 
Substituting equation 2066 and 2.65 into equation 2058, 
noting that for the particular case under consideration N = 1, 
s 
There are two identical coils placed symmetrically on either 
side of the armature therefore the total force will be 2 f • 
s 
Application to solenoid type 18-7202 
Calculation of Rs 
Length of copper coil = 0 0 071 m 
Cross-sectional area of copper coil = 102 10-6 m2 
resistivity at 20°C = -8 1075 10 JL m 
Therefore from equation 2.60 
Calculation of the permeances 
P3 is given by equation 2037 
PT is given by equa,tion 2043 
PAr is given by equation 2.40 
From equation 2040 
and from equation 2037, 2036, 2.35 and 2;33 equation 2.66 
becomes 
4-l 
:: (to .'2.1S,/Jo -+j.77~~o ~c1e{l+ ~)J~" o.l1-r7 (1.·{'4 IO~t. 
"? A )(. (2.68) 
differentiating, 
... ,,_ z.. I.) 4. ~- 't. '1 ~ . ()~' \ ') 1- X z.. 
(2.69) 
Thus the force equation 2.67 can be solved. Equations 2.69 
and 2.67 have been solved numerically by analogue and digital 
computers. 
Since the flux set up by the shading rings is 900 out 
of phase with the main flux, were this flux of comparable 
value to the main flux it would reduce substantially the current 
in the main coil and thus reduce the main flux. It was 
subsequently found from theoretical and experimental work that 
this condition only occurred when the armature was virtually 
in the fully closed position. Th~refore, this effect on the 
transient behaviour of the solenoid can be neglected. 
202 Computing 
A Honeywell 200 digital computer at Enfield College of 
Technology was used for the calculations of, 
42. 
(a) values of permearice 
(b) values of rate of change of permeance with respect 
to displacement 
(c) the average force generated for solenoid type 18-7202. 
All these calculations were computed for discrete values 
of armature displacement. The computer language used for 
. F t IV(25,26). progra~ng was or ran 
Since the force produced by armature of the solenoid is 
time varying, even when the armature is stationary, the solenoid 
was simulated on an analogue computer for 
(a) when the armature was held at a fixed displacement. 
For this case the potentiometers were set at given 
values of permeance obtained from calculations by 
the digital computer. 
(b) when the armature was allowed to move. For this case 
the graph of permeance as a function of displacement 
and rate of change of permeance with respect to 
displacement was obtained from the digital computer 
and set by function generators in the analogue 
computer. 
Since condition (b) is only of interest when the 
armature of the solenoid is pushing some object it is not 
considered here but under~hapter4. 
For solving (a) a Pace TR 48 analogue computer, available 
at Enfield College of Tec~ology, was used. 
2.2.1 Digital Computing 
Calculation of (a) permeance (b) rate of change of 
permeance with respect to displacement and (c) 'the average 
force generated for solenoid type 18-7202. These three 
factors are computed on one programme where; 
(a) to compute the permeance it is necessary to solve equation 
2.43. 0 1-7) 0.4157 
"?A ~ \0 ·'l7~ -+ O.f 7 S"' .€o~/I"'" T -;- .X 
!J EO. '2.1.\ 'l. \ 0, '1 0 S-
'f"e, ::: \.$""\5' --to.17Seo~e.. X-tO.D&Cj -4- ><*O,OOCo 
"PA "?~ 
'?~ ~'"?c 
·Where in the programme, PA, PB, and PT are desigr~ted as A, 
Band P respectively 
(b) to compute dPriax it is necessary to solve equation 2.44 
d'Pe .~ O,~2.()(+C.QC(,)_O. soS-
Jx (l(-H).ooC,)4 
J 'Pd;- _ 0·1-07 0.<+S"1 
dx )( '2.. ..,. 0 • 'L 7 J( X ~ 
d. ('VA -( '?e):: dr~ + d YA 
Ji ~ J~ 
erR, :.0.1£\ \~r"fA cl7T!./dx_+ fadYA/J'i _ -r~-p'e O\O>A"'~\l)/~~ 
d)l. l ("?A ~ "?t~). C'?A"" ~;'e ~ 2.. J 
Where in the programme cfPA J"ps J C?A'* "?S) and' cfPr 
otx. , cJ.,.",) o.x.' J~. 
are designated as E, D, F and G respectively. 
(c) to compute the average force it is necessary to solve 
equation 2049 
Where dPT/dX and PT have been found before and Re = 62 ~ 
N = 1 605 and W = 2 A:.. 50 rad/ ~ • 
The applied voltage considered for this case is· 240~, therefore 
equation 2.49 becomes, 
o . 74- S- I 011 d p,. / J. X 
l ~~S"O -\- (O.~ \ \O~ 1\ ,)'-J 
in the programme fe is designated as AS. 
(2.72) 
Thus a programme can now be written for solving equation 
2.70, 2.71 and 2.72 for various values of x from 0001 in. to 
0.26 in. (0.25 in. is the werking stroke of the solenoid). This 
programme is shown in Fig. 2.18 and the results are plotted in 
.Fig. 2.19 and 2.20. 
If the resulting values of PT are substituted into 
equation 2.48 then the theoretical values of current can be 
calculated. These results are presented in graphical form in 
Fig. 2.19, Graph B. 
In addition to the final results information is computed 
and printed out in the programme (i.e., A1, A2, A3 and A4), 
these are intermediate calculations for checking the computation. 
Regarding the Magnet-Schultz solenoid, the same 
computations are carried out as for the solenoid type 18-7202. 
Thus the same form of programme is used.and the notation is 
identical with that of the previous programme. 
The equations programmed are equations 2.53, 2.54 and 2.49 
with the appropriate numerical values. This programme is given 
in Fig. 2.21 and the results in Figs. 2.19 and 2.20. 
*JOBID.F12 
FORTRAN 
001 
002 
003 
004 
~ 005 006 , 007 
010 
011 
012 
013 
014 
015 
016 
017 
O£O 
021 
022 
023 
024 
025 
C 
13 
11 
12 
rU~TKAN D SYST[M TAPE 
JOB NAMe *NONAM 
200 SOUK<:;E LISTING ANI.) lHA<JNUS.TIC.S 
K.SIMPSON STAFF 
X=O.Ol 
A=lO.27~+0.77~*ALOG(1.0+0.21IX)+U.451IX 
B=1.51~+0.775*ALOG(0.242/(X+U.OOb»+O.305/(X+O.006) 
C=A+B 
P=O.b3ij*(10.O**(-7»*A*~/C I 
E=3.2*(X+O.OOb)-O.305/(X+U.OUb)**Z 
D=-O.£OI/(X*X+O.27*X)-U.4~11(X*X) 
F=E+D 
G=O.2~1*(lO.O**(-5»*(A*~/C+B*U/l-A*d*F/(C*C» 
Al=O.14~ell*(' 
A2=(O.811:'9*P)**2 
A3=3850.0+A2 
A4=Al/A3 
A5=O.14~Ell*GI(3850.0+(O.81E9*P)**2) 
wRITt(3,ll)X,P,~,Al,AZ,A3,A4,A5 
FURMAr(4(2X,E18.1Z)/10X,4(2X,EI8.1Z» 
X=X+O.Ol 
If(X.~T.O.26)uO TO 12 
GO fO 13 
STOP 
END 
Programme for solenoid type 18-7202 
Fig. 2.18 
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_*JOI;IU, FIZ 
FURIF<AN 
- - C 
001 
002 23 
003 
004 13 
005 I VOb 007 
° 010 
011 
012 
013 
014 
015 
016 11 
017 
.020 
021 
022 12 
023 
.... 
----_-~-<FORTRAN:D-~:SY5TEM -TAPE REvISION NU~ibER 
JOB t~A~1E *'~JNAf'~ 
200 SUURCELlSTIN6 ~ND DIA6NOSTIC~ PROGRM
O
,: fJmll 
K.SIMP~ON STAfF 
tJRITF(3,23) 
FORMAT(4X,15 HD ISPLACEMENT'N;,3X,13HPEkM[NANCE fl;,8X,21HDELTA r[RM[ 
1 ~ANCE H/~1; ,3X,aHFORCE N;) -::.. 
X=O.Ol 
A=7.77. 0 .764*ALOG(I. 0 • 0 .292/X)+O.376/X - I 
8=1.097.0.164*ALOGCO.312/(X+O.OOb»+O.331/(X+O.006) 
C=A+H 
P=O.h3B*(lO.O**(-7»*A*ti/C 
E=2.~5*(X+O.006)-O.331/(X+O.od6)**2 
D=_O.223/(X*X+x*O~292)-0.316/(X*X) 
F=E+l) 
S=O.251*(lO.O**C-5»*(A*E/C+8*O/C-A*B*F/(C*C» 
A5=O.7H8Ell~G/(2850.0+(O.HbE9*P)**2) 
~RITF(3.11)X'PtG,A5 
FDRI1AT(4UX.E18. 1 ,2) )" 
X=x+O.Ol 
IF(X.GT.O.26)GO TO 12 
SO TO 13 
STOP 
END 
Magnet-schultz solenoid programme 
li'i D' _ 2.21 
~-
.p,. 
-...l) 
Calculations of the effects of the shading rings 
alone. 
These calculations are similar to those' previously 
carried out and the equations to be evaluated are 2.68, 2.69 
and 2.67 multiplied by factor 2 since there are two shading 
rings. 
It should be noted that those equations only apply to 
the solenoid type 18-7202 and the force calculated is the 
average force due to the shading rings. The programme for 
these results is in Fig. 2.22 and the results are in Fig. 2.23. 
2.2.2 Analogue Computing 
Analogue computer circuit for condition (a):-
The equations to be prOgrammed(26,27) are, 2.26 and the sum 
dx . 
of equations 2.21 and 2.67 (noting that for this case dt = 0) 
From equation 2.26, 
rearranging 
Ji 
J;t (2.173) 
I 
The total force due to both shading rings and main coil is :-
(2.74) 
Co 
--
FORTRAN D SYSTElv'1 T APE h~ V 151 ON NUt-H' Ek 
*JOb!u,F12 
fORTRAN 
001 
002 
OU3 
004 
OU5 
006 
OU7 
UIO 
011 
012 
~ 13 14 15 
016 
017 
020 
021 
U22 
023 
024 
025 
026 
027 
030 
031 
J03 NAME *NONA/"l 
200 SOURCE LISTING AND OlA6N05TI~S PRO(.kAM: :)HA 
TITLl5HAOIN~ RING5 
C K.!)I{I<lP501~ STAFF 
23 
13 
11 
12 
~EAL N 
tJK In:. (3,23 ) 
FOR~lAT (9X,lHX,18X,2HPU,17X,ZHPT, leX,Z-iPX/lbX, If-K, 17X,3HLiPx, 18X, 1ril-
l> 
X=O.OOI 
?J=(U.451/X+IO.28+0.715*ALO~(1.0+O.27/X»~63.B*(10.0**(-9» 
A=10.275+0.77~*ALC~(1.O+O.27/x)+O.457/X 
a=1.515+0.175*ALOG(0.242/(X+O.OOb»+O.305/(X+0.006) 
CC=A+b 
PT=O.63HE-7*A*~/CC 
px=(lO.2/5+0.71~*ALO~(I.+0.2(/X»*(U.4~7/X)*2.*(U.31~~-7)~*L/PU 
E=2'.0.0 
~=1605.0 
~5=O.ll-2 
P3=O.1455E-7/X 
c= PJ*P3*PT / (i{S*PU) ) **2 
J 
~=62.0 
OPX=-«4.7/(~*X)+(O.35~*ALO~(1.+0.27/X»/(X*X)+O.09b/(X**3+u.11*X* 
lX»/A+«4.7/X+(U.355*ALOG(I.+0.21/X»/X)*(-0.207/(XitX+O.27*X)-0.4~ 
27/(X*X»/A*h»*O.12~6E-9 
F = C ,1' !J P X * ( E / ( P T "* H *" ill ) - E * k I (j ~ * j'-1 1t P T ~ (R * k + ( 3 14 • 2 * r ~ * I~ it P 1 ) 1< * 2 ) * * 0 • 'J) ) * -I< 2 
~~ITL(3,ll)x.PU,PT,pX,C,DPX,f 
FJf<:IA 1 (It (2X,[le.12) /10X.3 (2X,[18.12» 
X=X+O.001 
Ir(X.GI.O.03)uO TO 12 
-.JJ I U 1 j 
~lJP 
u.;:) 
Shading rings digital proGramme 
Fig. 2.22 
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" 
The parameters of equations 2.73 and 2.74 are found 
for any particular displacement from the digital computer 
resultso Thus for a particular displacement the equations can 
'be amplitude and time scaled. As an example consider a 
displacement of 0.02 in. From the numerical results (not 
included) corresponding to Figs. 2.20 and 2.23 
f\ -=- O.Co-, \~~ (H) 
JJ~ :: C). 4- 2.. 104- C H M') 
Jx 
(r.-\ -n: I) 
Therefore equations 2.73 and 2.74 become 
f .2. -'> Jl - 10(;0 L + 0.504 \0 ell) ~ . ~J 
j,L e 
'S<> ' A.. 
- - - -
cLt I. b '7 
Scaling the variables .I, 
~f'I\.o.'(. - 200 ~ 
. 
A ~d x.. 
-- \1\ 
e t.'\, o.'~ • :: S' U() V 
" __ I 1\ 0 c.') 0 
.t •. , L 
(2.76) 
Thus equations 2.75 and 2.76 become, 
To enable an analogue computer circuit diagram to be 
.drawn it is useful to first draw a signal flowgraph(28) 
representing the equations as in Fig. 2.24a. The analogue 
computer circuit diagram and potentiometer settings are given 
in Fig. 2.24b. This technique of obtaining the analogue 
computer circuit diagram is used throughout this work, however, 
other Signal flow graphs used have not been reproduced in this 
thesis. 
Consideration of the input voltage 
e - E 1'-\ 0'1( , s-~wt 
taking the Laplace transform 
~ ""~)(. IN 
'C(S) $.2- + ~l. 
or S 1. e (S) 
-+ e ~'l. <s) S ""'-a. )( . W C 
54-
£30 - 0.212 
F31 - (;.01 
F5Cl - 0.1 
155 
F56 
(0.)" 
.:>---.-~_Lj--
L--_--» 
(b) 
Analogue computer circuit diagram fOr a solenoid at fixed 
displacements 
I '-. 
P36, P35 (\.t.l) - 0.314 
P37 Cell\o.lI.J -0.68 
Fig. 2.24 
Sin'ewave gone.ration. 
Fig. 2.25 
(s:~ ) 
o 
Consider 
(2.80) 
Taking the Laplace Transform of equation 2.80 gives, 
By comparing equations 2.79 and 2.81 
Equation 2.80 is simulated to generate sinusoidally varying 
functions of angular frequency c,.., in Fig. 2.25. 
With the aid of the two circuit diagrams (Figs. 2.24b 
and 2.25) the force generated by the solenoid, as a function 
of time, can be determined. These results are given in Fig. 
2.26. 
2.3 Experimental Work 
Tests carried out on solenoid type 18-7202 consisted I 
• I 
of holding the armature at a given displacement and noting 
either the average or the instantaneous 'value of the force when 
the input terminals of the solenoid were· connected to the 240' V 
50Hz mains. The average force tests were also performed by 
Pratt Hydraulics Limited on both the solenoid type 18-7202 and 
the Magnet Schultz solenoid. Since the results for the \ 
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solenoid type 18-7202 were in agreement with those found at 
Enfield (see graph in Fig. 2029) their results for the Magnet 
Schultz solenoid are used for comparison purposes in this 
'thesis. 
Description of apparatus 
The purpose of this apparatus was to measure the force 
generated by the armature for fixed displacements. Thus the 
device for measuring force should have very little relative 
movement between its sensing head and body when the force is 
applied. 
The equipment used was a load transducer(29), and to 
~easure the displacement of the armature an inductive-type, 
displacement transducer(30). The equipment was mounted on a 
vice, the solenoid being fixed to one jaw and the force 
transducer to the ,other jaw, as in Fig. 2.27. Attached to the 
sensing head of the load transducer was a short rod which 
displaced the armature of the solenoid when the vice jaws were 
moved, as arranged in Fig. 2.28. 
To measure the average force generated by the solenoid 
the output of the load transducer was connected via an 
amplifier to a moving coil d.c. voltmeter. The current taken 
by the solenoid was also monitored by means of an a.c. moving 
coil instrument. To monitor force as a funotion of time the 
output of the load transducer was connected to an OSCilloscope(31) 
wv~ch had facilities for recording the trace onto a ohart. 
Photograph of apparatus 
Fig. 2. 27 
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The load transducer was a tensile/compressive type 
with a range of 0 N to 222 N and overall accuracy of 1.5%. 
The power supply for this load transducer was obtained from 
a "strain gauge power supply and signal conditioning unit ll .(32) 
The "signal conditioning" part of the uni·t consisted of a d.c. 
amplifier to amplify the load transducer's output signal from 
the order of millivolts to volts. The displacement transducer 
had a range of 0 mID to 12 mm and with its read out eQUipment(33) 
its resolution was 0.01 mm. 
Experimental Results 
Results of average force against displacement for the 
solenoid type 18-7202 obtained at Enfield College and also by 
Pratt Hydraulics Limited are shown in Fig. 2.29. 
Fig. 2.30 gives the experimental and theoretical(average 
forc~/d.isplacement characteristics for solenoid type 18-7202 and 
Magnet-schul tz Solenoid. 
T£e(average curren~displacement curves for the solenoid 
type 18-7202 is shown in Fig. 2.19, Graph B. 
Curves of force as a function of time for fixed 
displacements are shown in Fig. 2.,19, Graph A. 
2.4 Conclusions 
Further to Fig. 2.7 if only the main flux paths P3 and 
P7 are considered then the total permeance of the air path will 
be 
(2.82) 
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Substituting this equation into equation 2049 the curve in 
Fig. 2.31 can be plotted. In Fig. 2.31 the experimental 
curve is also given and by comparing these two results it is 
clear that the leakage and fringing fluxes must be considered. 
From consideration of the Birr curve, supplied by the 
manufacturers for the iron used in the solenoid, the permeance 
of the iron path was estimated and it was found that it did 
not become oomparable with that of the air path until the main 
air gap was below 0.01 in. Also, if the results obtained for 
the shading rings in Fig. 2.23 are considered it will be 
observed that these have negligible effect when the air gap is 
greater than 0001 in. When the width of the air gap becomes 
0001 in. or less, the valve can be considered fully open and 
the force generated by the solenoid is very large, therefore 
the effective operating range of the solenoid is greater than 
00 01 in. it is in fact from 0001 in. to 0.125 in. Because of 
this the effect of the permeance of the iron path and shading 
rings can be neglected. This simplification results in the 
network representation of the solenoid as shown in Fig~ 2.6. 
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~ Mechanical and E:r!r~:1111 c Sub-systems 
The basic purpose of this cr.::rJiJJr is to evaluate all the 
forces which will act against the f0rco generated by the solenoid. 
These forces can be divided into t~Q, viz. mechanical and hydraulic, 
and initially will be considered sep~rately. To gain a greater under-
standing of the operation of the o,crall system, the network represen-
tation of mechanical and hydraulic sUb-systems are found. Experimental 
results are presented to enable scme of the required constants to be 
found and to support certain parts of the theory. 
301 Theory 
30 1.1 
The relevant theory is derived to represent both 
mechanical hydraulic sub-systems as networks. 
Development of abstract model for the mechanical sub-system 
A mechanical system can be considered to contain three 
elements viz. mass spring and friction.(34) These will now be 
discussed in relation to the valve system. 
With reference to Fig. 3.1 the mass of the moving parts 
M consist of those of the spool, the two solenoid armatures and 
the striker pins. 
When the spool is in the centre .posi tion both springs 
are slightly compressed. Let this compression be Z and if z 
is the displacement of the sf001 taken from the central pOSition, 
then the spring force, 
(3.1 ) 
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where K is the spring constant assuming the springs to be linear. 
There are two main sources of friction in the valve. 
(i) friction between the spool and valve body, and 
·(ii) friction between the striker pin and the '0' ring in 
the seal. 
Consider (i) 
It is assumed that the area of the contact remains 
constant, there is a thin film of oil between the two surfaces 
thus the friction will be ;iscous(35) and iso-thermal operation 
is considered 
where 
A area of contact 
h clearance between the two surfaces 
Consider (ii) 
In this case the friction will appear in two parts viz. 
break-out and running. The break-out friction is operative when 
the striker pin· first starts to m~ve and its value depends on 
the length of time the metal and rubber surfaces have been in 
contact because the materials interact altering the value of 
the coefficient of friction(35). The running friction exists 
when there is movement between the '0' ring and the striker pin. 
Since the surface finish of the striker pin has a low R.M.S. 
~ . 
value and the diameter of the '0' ring is small, the effect of~ 
this friction is neglected. 
~7 
If f is the applied force the equation of equilibrium 
is 
From equation 3.3 the network representing the mechanical 
system is shown in Fig. 3.2. 
3.1.2 Developreent of abstract model for the hydraulic sUb-system 
Further to Fig. 3.1 let the spool move in the direction 
shown, a gap will open between port A and P and similarly 
between port Band T, which allows fluid to flow between the 
respective ports. These gaps between the valve body and the 
spool at ports A and B can be considered as orifices which 
have an area equal to the circumference of the spool at surface 
S times the axial length between this spool surface S and the 
s s 
port surface Sp. 
The force acting on the spool due to the flow of fluid 
is obtained from consideration of the conservation of momentum. 
The following assumptions are made. 
(i) the fluid is nonviscous and incompressible 
(ii) the perimeter of the orifice is large compared with 
its axial length so that the flow can be considered 
two dimensional. 
(iii) the leakage between spool and valve body is neglected. 
The momentum theorem states that the net force acting 
. 
on a fluid within a stated volume is equal to the rate of cha~e 
Valve 
body 
.Valve 
body 
Spool 
-"0. 
. ' 
'i 
" .. \ 
; 
F 
Mechanical network 
Fig. 3.2 
Opening 1 
Fig. 3.3 
Opening 2 
Fib- 3.4 
.,./ 1 :Direction <:3 spool of motion of , 
of momentum of the fluid inside this volume plus the rate of 
change of momentum due to the net rate of flow of fluid leaving 
the stated volume. 
Newton's second law states that the rate of change of 
momentum of a system of fixed identity is equal to the net 
force acting on it. 
The application of these two statements will now· be 
considered. Fig. 3.3 shows part of Opening 1 redrawn from 
Fig. 3.1. Considering the fluid in volume 'a' and Ib l 
flowing into volume fbI and 'Cl in time dt and letting m 
ax 
be the momentum of fluid in volume la' in the IX direction 
and similarly for ~x and m
cx
• 
The total momentum at (t = 0) 
M,'II. ::. /'I\o.v... * N\-bl( 
and the total momentum at (t = dt) 
tol\l--" ':;: Mt,X -+ Mc..x. 
From the momentum theorem, the rate of change of momentum in 
time dt which is the force in the x direction exerted on the 
fluid 
-
W\ b'!. +-.M c. x - ~ A '" - tI'\ i>'I. 
-
=.. Met - W\o.x 
clt 
where in general m = mass. velocity 
_ ~ 9,.-t 
-' A 
J..~ 
o 
Substituting equations 306 in 304 gives, 
Similarly by considering volumes e, d and c, in Fig. 3.3 
(3.8) 
Therefore the net force on the fluid in Opening 1 is the sum 
of equations 307 ~nd 3.8. 
and the force on the spool = - l ( -~)( \J + (- tx \l..) J 
• 
• • = 
. 
It can be noted that this force ts opposing the motion 
and thus will try to close the valve. 
71 
Re-drawing Opening 2 in Fig. 3.1 gives Fig. 3.4. 
Using the same notation and approach as for Opening 1 yields; 
Considering volumes f, g and h; 
Considering volumes h, i and j; 
(3.12) 
From equations 3.11 and 3.12 the total force acting on the fluid 
in Opening 2 is, 
+ 
It should be noted that force fX14 acts on the surface 
S4 which is not part of the spool and thus will have no effect. 
Provided the force fX13 is negative, in equation 3.11, it will 
act on the spool thus the total force due to fluid flow in 
Opening 2 is, 
Equations 3.10 and 3.14 give the force acting on the 
spool due to steady state fluid flow. 
72. 
Considering Newton's 2nd law it is possible to obtain 
the force acting on the spool due to the time rate of change of 
momentum of fluid in a space with fixed boundaries. Further 
to Fig. 3.1, for each opening there is a volume of fluid 
between spool and the valve's body. Since the direction of 
fluid flow is altered within this volume, which causes eddy 
currents, only a portion of this volume contains fluid capable 
of being accelerated in the x-direction, this volume, for 
Opening 1, is (L \ -\- X, / l. ) A I .. ,where (t-, -I- X I /l. ) 
is the distance between the mid-position of the inlet port 
afid the mid-position of the outlet port, thus, 
Force = mass. acceleration 
Therefore for Opening 1, 
and for Opening 2, 
Thus the force acting on the spool due to these forces 
Thus equations )010, ).14 and ).18 give the forces 
acting on the spool due to fluid flow. 
These force equations govern the effect the hydraulic 
system has on the mechanical system. It is now necessary to 
consider the internal operation of the hydraulic system, which 
is basically a controlled orifice and for simplicity this 
orifice will be represented by a circular hole. From 
consideration of the operation of an orifice it is thought that 
there are three cases: 
i) orifice discharging to atmosphere, 
ii) orifice discharging onto a plate w~~ch can be 
stationary or can move, 
iii) orifice discharging into a pipe in which the pressure 
is higher than atmospherico 
(i) Orifice discharging to atmosphere. 
If ""1 is assumed negligible compared with..r 2 
and P2 = 0, applying Bernoulli's equation(36,37,38,39,40) 
to the orifice in Fig. 305. 
'" -= c C. A ~ l:1: . y \I C. 0 $ 
Since the aim of this analysis is to attempt 
to represent the valve system as an integrated network, 
equation 3.19 can be translated to network form by 
assuming it represents ideal orifice ( i.e" C
v 
= 1, 
which is an ideal flow source) in series with a restrictor. 
If there is an intermediate pressure P3 the network , 
representation will be as shown in Figo 3.6. 
74 
Pipe under 
pressure 
Orifice discharging to atmosphere 
.Fig. 3.5 
Netwo~k representation of an orifice discharging to atmosphere 
Fig. 3.6 . 
Orifice discharging onto a moving plate 
From Figo 306 the network equations are, 
by equating equations 3.19 and 3020 the relationship 
between P1 and P3 is obtained 
Substituting equations 3022 and 3.19 into 3.21 ~ is . 
obtained 
~ (\ - c. v2-) 
2.. (LV c.c. AD)2. 
(ii) Orifice discharging onto a moving plate. 
Essentially the hydraulic system in this case 
is as above (see Fig. 307) therefore the network 
representation will be the same except that there wiil 
be an additional mechanical network. It is thus 
necessary to find the value of the force acting on the 
plate. Considering the momentum eQuation(40). 
-, Co 
re-writing in terms of flow rate 
and by substitution of equation 3019 the force is 
determined in terms of the input pressure, 
and for the case when ~~ is zero equation 3.25 and 
3.26 become 
Thus the network representation in this case is as 
in Fig. 308 where fo can be obtained from equations 
3025 or 3.26 or 3.27 or 3028; P3 from equations 
3.20 or 3022; and ~ fro~ equation 3.23 
. 
. 
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(iii) Orifice discharging into a pipe in which the pressure 
is higher than atmosphere. 
Applying Bernoulli's equation between section 
1 and 2, in Figo 309 
LT.].. 
2.. 
-\-- + 
where ~1 and P1 are the input variables andV-2t and P2 
the resultant theoretical output variables. 
From continuity equation 
where A2 = Ao Cc, the smallest area of fluid flow; 
. ""' J;a. . and v 2t = Cv,where Vi ~s the actual velocity. Therefore 
r . 
noting these facts and substituting equation 3.30 in 
I 
I 
Considering the momentum equation (in the steady state) 
between sections 2 and 3. 
Thrust on fluid(40) in section 2 - 3 is, 
79 
Let the fluid which is in volumes a and b at t = 0 
flow into volumes band c in time dt therefore 
J.. (Mi, -+' M" - M b- tvlt\) 
rate of change of momentum = c.l~ 
in general m = 
= cl ( (\'\ - Mo.) 
dt 
Substituting equation 3034 into 3.33 and 
equating the resultant with equation 3.32 
Adding equations 3.31 and 3.36 
If the diameter of. the upstream pipe is the 
same as the down stream pipe, then A1 = A3, utilizing 
this fact and rearranging equation 3.37 to give q, 
~o 
, 
, 
Thus equation 3.38 represents an hydraulic 
resistive loss and has a network representation as 
in Fig. 3.1 o. 
From Fig. 3.10 
Consideration of velocity distribution: 
lA, '\l 
c~ Ao ) J 
In the previous derivation use has been made of the 
relationship, 
3:... 
A 
this formular assumes that there is uniform velocity 
distribution over the flow's cross-section. It is now intended 
to consider this statement. 
The velocity distribution of the fluid particles in a 
pipe mainly depends on whether th& flow is turbulent or laminar. 
The determination of whether the fluid is in turbulent or 
laminar motion can be determined by consideration of Reynold's 
Number (3 6 :~ 8) where, the Reynold's Number 
v - average velocity of flow 
r - hydraulic radius ( = area of flow ) wetted parimeter 
, 
~, 
If the flow is turbulent then very little error is 
made if the velocity is assumed to be uniform over the cross-
section of the pipe. However, if the flow is fully devebped 
laminar then the velocity distribution over the cross-section 
will be that of a parabola (S8,'36), when the flow is laminar, 
Bernoulli's equation becomes 
~ 
-) -\.. (I'( . \ 
v ...... '" \ 
-
\J - average velocity of flow 
similarly for ~ 2. 
Since for fully ~eveloped'laminar flow the velocity 
distribution across the cross-section of the pipe is a parabola, 
equation 3.42 becomes, 
where ~ - maximum velocity. 
When the flow is laminar, the momentum equation becomes(38,36) 
- ( V~ '2- J ~ 
- ~ \ 0'1 'l. ~ A \ \ 
. 
. 
and for fully developed laminar flow, 
Similarly for ~ 2" 
In general if the fluid is in a state of laminar 
motion these correction factors have to be applied. However, 
consider the case when the fluid is flowing from a large 
container through a small orifice and the final flow down 
stream of the orifice is laminar. It is found(~O) that when 
a fluid enters an orifice from a tank its velocity distribution 
is uniform and it has to flow a distance L down stream of the 
orifice before fully developed laminar flow occurs, where, 
L -D O.OS7S-N~ 
where D inside diameter of pipe. 
Thus if the Bernoulli's equation or the momentum 
equation is applied for the region of flow immediately down 
stream of the orifice it is thought that these correction 
factors should not be applied. 
For the case of fluid flowing out of a tank through an 
orifice it is assumed that the velocity of the fluid just 
before the orifice is negligible with that velocity just after 
the orifice. When considering the orifioe in the valve this 
assumption is also made and by also noting the valves· dimensions, 
. 
it is concluded that a uniform velocity distribution oan be \ 
assumed for the casea under consideration. 
The valve was tested with the pressure being supplied 
to the P port of the valve and the A port outlet being 
exhausted to tank. Thus only Opening 1 was used in the valve. 
The orifice operation for this case is considered to be case 
(ii) (ioeo, orifice discharging onto a plate), the plate 
being effectively the spoolo However ~ was considered to be 
m 
negligible compared to the fluid velocity and therefore the 
orifice operation reverts back to case (i). 
3.1.3 Application of TheoElto V.D.S.34 Directional Control Valve 
It is intended to apply the theory to valve VDS 34 
manufactured by P:l'att Hydraulics Lim ted and to a circular, 
sharp-edged orifice. Experimental results will be presented 
for an orifice when discharging to atmosphere and when 
discharging into a pipe "with pressure greater than atmospheric. 
Consider valve VDS 34: 
The value of the force as in equation 3.10 and 
3.14 will be greatest when there is maximum pressure drop 
across the valve. This condition occurs when the valve is 
discharging to tank, the relevant relationships from 3.1.1 and 
3 0 1.2 will nO\'1 be worked out numer:!-cally. 
The mass of the moving parts 
spool - 0.0454 kg 
striker pin 
- 0.00335 kg 
solenoid armature - 0.1555 kg 
. 
. 
, 
Therefore the total mass of mOving parts 
= 000454 + 2 { 0000335)+ 2 {0.1 555) 
= 0.363 kg 
The total mass of the springs is 000059 kg. This represents 
a distributed mass and is assumed to be negligible compared to 
the mass of the other moving parts. The mass of the oil 
contained in the volume enclosed by the spool and the valve's 
body is considered to be negligible (this was calculated to 
be Oc0023 kg). 
The viscous friction coefficient is evaluated by considering 
the perameters in equation 302. 
Kinematic viscosity of Tel1us 27(41) oil at 35°C = 
0035 10-4 m2 s-1 and its density is ~58 kg m-3• 
~ 'I_ -1 Hence dynamic viscosity = ~v = 0.03002 ~ s 
-6 The clearance between spool and valve body = 6.35 10 m 
A, area of surfaces in contact = 2.79 10-4 m2• 
Hence the viscous friction coefficient is, 
F 
The springs: 
-\ 
M. 
The initial compression in equation 301 was found to be 
~ . ~ 
0.198 10 m and the stiffness K = 10900 N m • 
ConSidering equations 3.10, 3.14 and 3.18 the following constants 
are required: 
Further to Figo 3.1J A2 is the cross-sectional area of the fluid 
stream immediately down stream of the orifice in the valve, 
A = C (Area of orifice) 2 0 
and, area of orifice = x 1CD 
where D - diameter of the spool 10585 10-2 m 
x - amount of spool opening 
Also A2 = A3 
and A2 = :x:.. 4099 10-2 m2 
A4 and A1 are the cross-sectional area of the fluid stream 
between the spool and valve body, 
L1 = 00715 10-
2 m 
L2 = 00791 10-:-
2 
m 
From experimental data in table 301 
o·~7 and 
Substituting these values into equation 3010, 3.14, 3018 and 
3019 
equation 3010 becomes, 
q, '2.. \ oc..\ (" 0 
x. 
equation 3.14 becomes 
-2 Since X can vary between 0 and 00163 10 m when the valve 
orifice is fully open f~2 varies between infinity and 
q2( _ 3 0 02 106). 
Thus the overall value of this force changes from positive to 
negative, the change over point being when x = 0094 10-3 m. 
For values of x below 0 0 94 10-3 m the force is positive and 
therefore acts on surface S4, which is not part of the spool. 
Thus this force term can only be considered for values of x 
greater than 00 94 10-3 m (0 0 037 in.), 
equation 3018 becomes, 
Now x1 ~ x2 
and since L1 - L2 ~ x1 - x2 equation 3048 becomes, 
T T 
Howe~er, if only one opening is used, say Opening 1, equation 
3.48 becomes 
equation 3.19 becomes 
wher~ ~ = ('2. - 108810-3) 
1088 10-3 m being the distance the spool has to travel before 
the orifice starts to open, and z is the movement of the spool 
from the centre positiono 
These equations are sufficient to describe the motion 
of the spool when only one of the two Openings of the valve is 
operatingo Combining equations 303, 3.10, 3014 and 3.18 gives 
the equation of motion of the spoolo 
( . -1) ~ ::. Z. -\-. \C\,~ \0 . 
Should the hydraulic netwo~k elements in Fig. 3.6 
and 3.10 be required, which might well be the case of the 
analysis of a complete hydraulic system, then it is necessar,y 
to solve numerically equation 3.23 or 3.39. To solve these 
equations C and C , are required separately. For the above 
v c 
cost9 
condition, ioe., valve discharging to tank, only ~ and 
c 
CD (where CD = CvC
c
) were found by considering equations 3010 
and 30190 However, to solve all three constants separately, 
ioe o , Cv, Cc and cos S three equations are necessary. The 
third equation can be found by considering the case when the 
valve is discharging to tank via some restrictiono Thus 
equation 3.38 can be used as this third equation. 
It was considered useful to carry out experimental work 
regarding equation 3.38 by conducting tests on simple orifices 
in addition to tests on the orifice in the valve. These tests 
and results are given in the next section. 
302 Experimental Work 
Tests have been carried out on the VDS 34 valve to 
determine the necessary constants. When testing the simple 
orifice the fluid was water. 
Description of apparatus 
Test on VDS 34 valve: 
With reference .to Fig. 3.11 and 3.12 the valve without 
its two solenoids was mounted on a stand. The striker pins 
were rigidly fixed to the spool an~ one of them was also 
connected to a displacement transducer(30) and the other, via 
a load transducer(29), to a device which enabled the spool to 
be moved and held at any position. The hydraulic supply was 
connected to the valve and the input and output pressures were 
monitored by strain gauge pressure transducers(42). The 
. 
volume flow rate was measured by a turbi~e flow meter(43) and 
.4 
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the temperatures of the oil at the inlet and outlet were 
measured by means of thermocouPles(44). 
The accuracy and suitability of the load and displ~cement 
transducers have b'een discussed in section 2.3.1. The pressure 
transducers were calibrated on a dead weight tester(45). The 
floyr meter and the thermocouples were calibrated by means of a 
bell jar and stop watch and by a mercury-in-glass thermometer 
respectively. 
The schematic diagrams of the equipment to carry out 
tests on the simple orifice are shown in Figs. 3.13 and 3.14. 
For the first test a sharp edged orifice was inserted in the 
bottom of a water tank: as in Fig. 3.13, and the water was 
allowed to discharge freely. The second part of the test was 
conducted with the discharging water being restricted by a tap 
as in Figo 3.14. The pressure of the water, immediately after 
the orifice and just before the tap was measured by vertical, 
plastic tubes at these points. 
Experimental Results 
The object of the tests on the valve orifice was to find 
cos9 
the values of Cv'Cc from equation 3.19 and -co- from equation 
30 10. 
The apparatus was capable of measuring f, q and P10 
However, A is the area of the orifice which is a function of x, 
o 
the width of the orifice opening. To be able to measure x it is 
necessary to determine the position of th~ spool when x is zero. 
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It -should be noted that this point is n£1 the point of zero 
flow, because there is leakage across the spool surface. To 
find this position the flow rate against displacement for 
various constant values of supply pressure was plotted. 
From equation 3.19 it can be seen that for the case when the 
leakage is negligible compared with the main flow the curve 
of q/x should be a straight line passing through the x axis 
at the required reference point. A set of these results are 
shown in Fig. 3.15. 
To find the required constants the spool was displaced 
by a given amount and the input pressure was varied noting 
the values of this pressure, flow rate and force on the spool. 
From these results q2 against p and q2 against f were plotted, 
as shown in Fig. 3.16 and 3.17 respectively. For all these 
tests the temperature of the oil was kept at approximately 35°0. 
From equation 3.19, noting that ) = 858 ~g m-3 and the diameter 
-2 
of the spool is 1059 10 m. 
Consider the test with x at 0 0 038 mm (or 0.0015 in.) 
from Fig. 30 16, the slope is 3.9 10-15 m7 N-1 s-2, therefore 
from equation 3.56 
The other values obtained from this graph are given in Table . 
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95 
9b 
Co Cv cos~ x ~ 
mm 
From experiments 0.038 0.68 0.514 
conducted at Enfielc 0.063 0.61 0.604 College. 
0.089 . 0.59 0.570 
From exper~ments 0.114 0.59 0.523 
conducted at Pratt 0.191 0.61 
Hydraulics Ltd. 0.254 0.61 See note· 
0.317 0.58 
Average va:).ues 0.60 0.57 
*Note: Due to the non-linearities in these tests the 
results are not quoted here, and w:i.ll be dis~ 
cussed in section 3.3. The theoretical lines 
drawn on the grath in Figure 3.19 assume a 
value of 0.57 for cos 6 ICc. 
. 
Table 3.1 
y h q Cv C Co Other ..; 
m m 10-6ml s' dimensions 
0.380 0.510 28.0 0.94 0.72 0.77 
0.420 0.600 30.7 0.95 0.72 0.76 
0.455 0.700 33.0 0.95 0.71 0.75 x= 0.083 m ~. 2 
0.488 0'800 35.7 0.95 0.72 0.76 Ao=0.132 10"10 
i 0.76 ---I 0.95 0.72 Average value , 
0~78 --------- -- -~ 0.347 14.6 , 0.94 0.431 \ 0.73 Other,'.' 
\ dimensions 0.382 0.502 16.0 I 0.95 0.76 0.79 0.430 0.601 17.5 0.99 0.75 0.75 x= 6.083 ~S' 2 ; \ 
~,.!t9.9_ .Q..2.19. ... ,. . __ 1.2.5_.~ .. 0 .•. 9£._ 0.75 0~~=o.73 10 m 
0.96 0.75 0.7 ,Average value 
'.rable 3.2 
From equation 3010, 
Thus for x = 00038 rom from graph in Figo 3017 the slope is 
4.32 10-9 m6 N-1 s-~ 
Cc. 
The other values obtained from this graph are given in Table 
3010 The range of pressure and flow rate obtainable in the 
Control Laboratory at Enfield College was limited well below 
the valves capacityo Results for the valve's full range were 
obtained by conducting similar tests at Pratt Hydraulics 
Limited. Graphs for q2 against p and q2 against f for tests 
at Pratts are given in Figo 3018 and'3019 respectivelyo The 
value of the constants found from these results are given in 
Table 3.1. 
The following experiments were conducted on th~. ~imple 
orifice. For the first test the water was allol'led to discharge 
through the orifice into the atmosphere. For various heights 
of water in the tank the flow rate and the dimensions.x and y 
were measured as in Fig. 3.130 This test was conducted for 
two sizes of orifice and hence Cv and CD and thus Co were 
calculated. 
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From reference 40 
C c.. = 
Using the equations and the data included in Table 302 the 
values of Cv, CD and Cc have been calculated and given in 
Table 3.2. 
For the second test the equipment was modified to enable 
the outflow of water to be restricted. The pressure just after 
the orifice and just before the restriction was measured by 
means of a plastic tube inserted into the pipe as shown in 
In this experiment the flow rate and the two pressures 
(h1 and h2) were noted for various ~ues of height of water. 
These results, with the results fo~d in Test 1, were used td, 
verify equations 3.31 and 3.38. 
Equation 3.31 becomes 
l ( \ . 
-
- 2~ ~) 
. 
, 
(3.61) 
-6 2 For orifice of area 13.2 10 m, 
2 -5 s m 
For orifice of area 7.3 10-6 m2, 
_ 9 
- 1069 10 2 -5 s m 
Simarly equation 3038 becomes, 
-6 2 Hence for orifice of area 13.2 10 m, 
8 
= 4045 10 2 -5 s m 
and for orifice of area 702 10-6 m2, 
- 1 9 
- 1047 0 2 -5 s m 
These theoretical results are shown with the experimental 
results in Figo 30200 
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303 Conclusions 
Considering the tests conducted on the valve at Enfield 
the results (Figso 3016 and 3017) are in good agreement with the 
theory and with the results in other published work on this 
sUbject(14,17) • 
It should be noted that these results are for relatively 
small orifice Openings. For the tests conducted at Pratt's 
the results, (Fig. 3.19), when considering flow rate against 
force on spool, show significant disagreement with the theory. 
By considering both Figs. 3017 and 3.19 it can be seen that 
all the experimental curves are of similar shape and this differs 
from the theoretical results. The amount of discrepancy increases 
with increase in orifice width opening. The theoretical results 
are plotted from equation 3.10 and by considering this 
equa tion it is thought that cos t;; may not be a cons tant, as 
assumed. Reference 13 experimentally investigates the value of 
this angle for variation in the orifice dimensions, and it shows 
that the flow downstream of the orifice can, under'certain 
conditions, attach its~lf to either the valve body or to the 
spool, thus making cos ~ equal to 0 cr 1 respectively. The 
tests were conducted on a two dimensional model of the valves 
orifice and only low pressures were considered (p = 0.14 
max 
10-7 N m-2). Thus this reference does show that COB~ can vary. 
From considering the results obtained, Fig. 3.17 and 3.19, it is 
therefore suggested that cos e can ,vary and is not only 
dependant on the dimensions of the orifice but is also affected 
by the flow rate and the pressure drop a~ross the valve. 
\ O~ 
The orifice test results (Fig. 3020) although not in 
perfect agreement, do tend to support the theoretical approach 
when considering the case of an orifice discharging in a pipe 
with a pressure greater than atmospheric. The purpose of 
these tests were to show that the values of C , Cc and cos~ 
v 
(if applicable) would be found for an orifice in a valve 
(see section 3.1.3). The individual values of these constants 
are required when it is intended to consider a valve as part 
of a hydraulic system in which the valve directs tLe fluid 
flow to a motor. For this case the network representation of 
the hydraulic part of the valve is as shown in Fig. 3.10, and 
to calculate the numerical value of the hydraulic reSistance, 
shown in this figure, the above mentioned constants are 
required. 
\ 03 
4. Complete System 
In this chapter the work of the previous two chapters is 
combined to obtain the overall network representation of the complete 
system. From which a set of independant network equations can be 
systematically obtained. These equations are simulated on an analogue 
computer(46) and the dynamic behavioux of the system is studied. The 
theoretical results are presented along with experimental results. 
4.1 Theory 
The system, as considered in this work, is complete when 
one of the solenoids is attached to the valve and the valve's 
,orifice discharges to tank, generally as arranged in Fig. 4.3. 
In theory this means that the three networks in Figs. 2.6, 3.2, 
and 3.6 are joined resulting in the network of the solenoid 
valve system depicted in Fig. 40 1. 
Fig. 4.1 (a) represents the electrical elements of the solenoid 
where, 
e - voltage source 
s 
Re - resistance of the coil 
N2P _ self inductance of. the coil 
e - induced vol t,age due to changes in the 
magnetic circuit 
Fig. 4.1 (b) represents all the mechanical elements of the 
valve where, 
fe force generated by the s?lenoid (force source) 
M - mass of all moving parts including the 
solenoid armature 
(o~ 
. ~ 
+ 
e 
(0.) . (-b) 
-+1 + 
(c) 
Network of solenoid, hydraulic valve system 
Fig. 4.1 , 
, 
K - spring constant 
F - viscous friction coefficient between spool 
and value body 
fh - force acting on the spool due to fluid flow 
Fig. 4.1 (c) represents the hydraulic elements of the valve 
where, 
Ps - pressure source 
~ - hydraulic resistance (which is non-linear) 
p - ideal pressure drop across the orifice 
From topological considerations the set of independant 
equations can be derived. Where from Fig. 4.1 (a) and (c) the 
mesh equation 4.1 and 4.3 respectively can be written and from 
-Fig. 4.1 (b) the node equation 4.2 can be written. 
+ 
Substituting numerical values into equations 4.1,4.2 
and 4.3 and re-arranging where necessary 
• d"P • 
-)..-z. 
: Jz. 
Ie Ct 
J.i t \.5'2.. d"Z Loqoo C~* ,.~~ -j 
-
\0 
- o.'U)~ d:t clt O.lo~ o. 2.0~ 
\ 0 "- C:> C> c~,2" ~. \3 ,,1-
-
0.'10 g )( O. ta~ eH: 
'\.- __ I .. 4- ~ I c~ X 
where ')('::;: 
Differentiating equation 40 6 assuming that ps is constant 
J~ 
- =- \.49 
cl~ 
-? \0 
(405) 
The terms in equation 4.5 containing either x, q or 
'dg) d t will be zero when 2.. <1.88 10-3 m. 
4.2 Computing 
For analogue computing equations 4.4, 4.5 and 4.6 need 
to be amplitude and time scaled. 
Substituting equations 4.7 and 4.6 into 4.5 and letting 
the maximum value of the supply pressure p be 2.07 10'7 N' "; m-2. 
s 
and .to be able to obtain values different from the maximum let 
p ~ 2.07 107 C N m-2 where the value of C can vary between 0 
s 
and 1. 
di 
... 
-d;t o.2..o~ 
I {., ( 
The maximum values of the variables have been estimated 
from experimental data and these are 
• f = 1000 N z = 
-2 
z = 0.3 10 m •• z = 
Scaling equation 4.8. 
.2=- - -- 2..t\-( .. J (~J 1000 - 1000 
but, 
(-i) ':: ( :;.. \ 2-00 \Q 2.00';') 
-1 10 m s 
2000 m s-2 
Therefore, introduce time scale factor t = 't: /1000 
J 
Jt l+) :: I -:~._.\ o. 2.: \.1-000) 
(4.10) 
The maximum values of the variables in equation 4.4 
which have been estimated from digital computing and experimental 
work are, 
d'P ::: 15' lD"4 1-\ ",' e $"00 " ::: 
elL 
• A -\ . 5' A . 2CDc.) '"P I·S IC~ \-\ .t. -. A - So = 
Scaling equation 4.4. 
and 
(5~0) is a sinusoidally varying voltage and its generation is 
shown in Fig. 2.2·~. T~e supply pressure, is assumed constant 
throughout the experimental work and is thus represented by a 
constant voltage. 
Thus from considering equations 4.9, 4 0 10, 4.11 and 
4012 and Fig. 2.25 the analogue programme is as shown in Fig. 4.2. 
It should be noted that there is a slight alteration in the 
generation of the escircuit as sho~ in Fig. 2.25 to that in 
Fig. 4.2. The new circuit enables the voltage to be ~witched 
on at any point of the waveform during the cyole. 
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Analogue computer programme circuit diagram for solenoid, hydraulic valve system 
Fig. 4.2 o 
It was then possible to simulate the dynamic behaviour 
of the valve for the case when the voltage is supplied to one 
solenoid. The variables, e , i, z, f , di/dt, dz/dt and 
s e 
d2Z/dt2 being recorded on a chart recorder. The tests were 
conducted for various values of supply pressure, supply voltage 
and at different switch on points on the supply voltage cycle, 
as mentioned above. A sample of these results is shown in Fig. 
4.5 (1), and it should be noted that for cases (a) and (b) the 
valve fails to function. 
4.3 Experimental Work 
As shown above the dynamic behaviour of the value system 
.is described by equation 4.1 and 4.2 containing two independant 
variables; the current through the inductor and the velocity 
(or displacement) of the spool. To study the validity of these 
equations experimentally it is necessary to monitor these two 
variables together with the input variables. 
Description of apparatus 
For the following tests the valve was assembled complete 
except for the removal of one solenoid as shown in Fig. 4.3 
and 4.4, it was replaced by a displacement transducer, and the 
electrical and hydraulic supplies were connected to the 
appropriate terminals. An ammeter was placed in series with 
the electrical supply to monitor the current on a U.V. reCOrder(47) 
via suitable arranged resistors. The U.V. recorder was also used 
. 
to record the supply voltage, and the displacement of the spoo~ 
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Fig. 4.5 
via resistors and by means of an inductive-type displacement 
transducer(30,33) respectively. The pressure of the hydraulic 
supply was monitored by a pressure transducer(42) which was 
'either connected to a voltmeter or the U.V. recorder. 
Experimental Results 
With the valve in the off position, i.e., the solenoid 
disconnected from the electrical supply, the pressure of the 
hydraulic supply was set at a given value. Then the 
electrical supply to the solenoid was switched on. The input 
variable e and the variables i and z were recorded on the U.V. 
s 
recorder. p was also monitored but this signal appeared to 
s 
contain a large amount of noise and tended to obscure the other 
signals as indicated by the results, therefore this signal 
was not recorded in the majority of the tests. 
The above tests were conducted for various values of 
input pressures Ps and input voltage e
s
• Tests were also 
conducted to observe the effect of switching the input voltage 
on at various points on its waveform. 
The results are given in Fig. 4.5 (2), and it should 
be noted that for case (g) the va~ve fails tottunction. 
4.4 Conclusions 
With reference to Figs. 4.6 and 407, there is a signifi-
cant variation in the time the spool takes to reach is maximum 
position depending on what position of the voltage waveform the 
supply is initially switched across the solenoid. Also, it ~ 
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noted that if the amplitude of the voltage applied to the 
solenoid is varied then both experimental and theoretical 
results show a supply voltage below which the solenoid will 
not operate, which is about 150 V. 
The discrepancy between the theoretical and experimental 
results is thought to be due to four main factors: 
(i) there is an uncertainty in the theoretical value of 
the viscous friction coefficient 
(ii) there is an uncertainty in the theoretical value of 
the force due to fluid flow 
(iii) the hydraulic supply is assumed to act as a constant 
pressure source 
(iv) there is an uncertainty in determination of the force 
generated by the solenoid. 
Considering these four factors: 
(i) The theoretical value of the viscous friction coefficient 
is calculated assuming that there is a constant and 
uniform gap between the spool and the valve body. In 
practise the spool will probably be off centre(17,35) 
and its relative position is likely to vary during the 
operation of the valve o ~lso, as previously mentioned 
in section 3.1.1 there will be friction due to contact 
between the O-ring and striker pino It is therefore 
thought that the viscous friction coefficient will not 
be a constant and its values tend to be higner than the 
theoretical value used. 
\\ 7 
(ii) The graph of the square of the flow rate against force 
on spool (Fig. 3.19) shows a marked variation between 
the theoretical and experimental results, as discussed 
in Chapter 3.3. The graph indicates that at a given 
flow rate the actual force on the spool is lower than 
the theoretical value. 
(iii) Since a constant pressure source was assumed the flow-
rate will be proportional to the width of the orifice 
opening, this will give rise to large theoretical 
flow rates, which in turn imply larger theoretical 
forces on the spool. In Chapter 5 an alternative 
analogue computer programme is presented which over-
comes this problem. 
(iv) Further to Fig. 4.7 the theoretical curves of current 
lag behind the experimental curves, and since the force 
is proportional to the square of the current (equation 
2.20), which in turn govern the displacement curve, 
this lag in current curves will cause a lag in the 
displacement curves. A possible reason for this' 
discrepancy is due to the accuracy in estimating the 
permeance and rate of change of permeance with respect 
to displacement curves. 
The overall effect of these factors could account for 
the most of the difference between the theoretical and 
experimental results. 
The major effect on discrepancy appears to be due to 
factor (iv). This is deduced by comparing the spacing of the 
current curves (Fig. 407) with those of the displacement 
curves (Figo 4 0 6). This indicates that if the theoretical and 
experimental current curves were to be the same, then the 
corresponding displacement curves would be very close together. 
As stated in Chapter 1 01 there are a number of problems 
affecting the design of a new valve, and to achieve optimum 
design and performance it is first necessary to have a thorough 
understanding of the operation, steady state and dynamic 
characteristics, of the complete system. In the previous 
chapters the complete valve has been analysed and the theory 
applied to valve VDS 34(22). To facilitate the experimental 
work the hydraulic part of the valve was restricted to the 
operation of one opening (Figo 4.3) i.e., there was no 
hydraulic load. The experimental results for both steady state 
and dynamic tests support the theoretical calculations. 
As stated in Chapter 102 it is believed that in previous 
work concerning valves, either only that part of the valve is 
considered which comes under one of the well defined engineering 
disciplines or, if the complete system is analysed, certain 
characteristics are assumed to be linear and consequently 
only small displacements of the spool are considered. In the 
present work neither of these restrictions have been imposed. 
I 1'7 
50 Design Considerations 
The object of this chapter is to suggest: 
improvements in the mathematical model 
proceduresby which the design of the valve type 
VDS 34 and solenoid type 18-7202 can be improved. 
501 Non-ideal Pressure Source 
In Chapter 4 the theoretical results were obtained 
assuming the hydraulic supply to act as an ideal pressure source 
and by comparison with the experimental results and from 
theoretical considerations it was concluded that a non-ideal 
.pressure source should be considered. It is therefore intended 
to consider what effect a non-ideal pressure source will have 
on the force acting on the spool due to the steady state flow, 
and thus to determine the necessary alterations in the analogue 
computer programme used to study the complete system depi~ted 
in Fig. 4.2. 
Let the valve be supplied by a positive displacement 
pump(27) whose pressure is controlled by a relief valve. 
It will pe assumed that t~e pressure will remain 
constant whilst there is flow through the relief valve and 
that there is no leakage across the pumpo Therefore the source 
characteristics will be as given in Fig. 5.1 in which the 
pressure is determined by the set compression of a spring in 
the relief valve. 
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The hydraulic load of this source is the valve 
discharging to tank. For the valve from equation 3.53 
q, 7: \.4-9 
Therefore, considering Fig. 5.1 and equation 5.1 the 
source variables (Po, q) can be expressed in terms of the load 
I 
variable x, as in Figo 5.2 where x1 is the opening of the valve 
at which all fluid from the pump passes through the valve. 
A graph of force due to steady state fluid flow acting 
on the spool against displacement of spool when considering 
this type of hydraulic source can nO,"f be plotted. 1A. series 
of curves as in Fig. 503 can be drawn for different rating of 
pumps by considering equations 5.1 and 3.46. 
Let the maximum flow rate be 15 gal/min. (101 35 10-3 
31' 2 
m s-) and the nominal supply, pressure (ps) is 3000 lbf in: 
(2007 107Mm-2). Therefore, the value of x1 in Fig. 5.2 can 
be found from equation 5.1 
x
1 
= 0.167 mm 
For values of x below 0.167 mm the force is given by equation 
3.46 and 5.1, 
~ -=- X 4-~C) 000 (N) (5.2) 
and for value of x greater than 00167 mm the force is from 
equation 3046. 
(N) 
The curves of f against x are given in Fig o 503 for 
sources of nominal supply pressure of 3000 Ibf in:2 and various 
values of pump ratings. It can be seen from this graph that 
there are peak forces over a small range of spool position. 
It is therefore important in the design of the valve that this 
peak force be considered o 
502 Non-ideal pressure 6.o.ur.ce in the analogue computer programme 
Letting the maximum flow rate be 15 gal. mdn-1 
(10135 10-3 m3 s-1) and the maximum pressure be 3000 Ibf 1n2 
(2007 107 N m-2) and to enable different ratings of flow source, 
from zero to the maximum ratings given above, to be simulated 
on the analogue computer, then, 
-1 
\0 
where Kq and Kp are coefficients which can take on values from 
o to 1. 
Substituting into equation 5.1 
1 Therefore for values of x <. x , equa tion ~.1 becomes 
, " ,'/-:.. ( ... ,"2 X \~" \- ) • 
, 
12~ 
and for values of x> x1, equation 501 becomes 
-s \0 
The non-ideal source affects equation 405 which now has to 
be considered valid in two regions of operation. 
When x< x1 then equation 5.7 is substituted into the last 
two terms of equation 4.5, which gives 
I04foO (&.~Jl.x \<? 
O.'l()'e 
Jx 
J"{: 
When x~ x1 equation 5.8 is substituted into the last two 
terms of equation 405, which gives 
Noting that x = (i. -1.88 10-3) equation 4.5 becomes,· 
for x < x1 
and for x,,> x1 
di 
Jr 
-
- 0.).09.. 
\2.4· 
(5.8) 
(5.10) 
(5.11 ) 
(5.12~ 
and writing x1 in terms of z1, equation 506 
-"!. 
7_' = X I -I- \. ~ '(. \ l) 
Equation 5011 is identical to 4.8 when 
( -3 KQ -3) z <: 00167 10 ~v + 1088 10 therefore the analogue 
"-1> \. 
computer programme will be the same as that given in Fig. 401. 
However, when 4:. > (00167 10-3 ~ + 1 0 88 10-3) equation' 
~p\ 
5012 has to be used giving a different programme. ,The new 
scaled equation representing equation 5012 is, 
(-7-~O ~:: (,:O~ 2.\1- -(~o)O.ol17 -0.01+ ~b -Ir( l~.~J 
0.01, Kl!\rl (5.14) 
- l(!.7.IQ~) -O. (oL~ 
Scaling equation 5.13 gives, 
(5.15) 
The scaled version of equation 5011 is given in equation 4.9: 
where K = Kp. 
Thus, the modified part of analogue computer programme to 
simulate equations 5.14, 5.15 and 4.9' is given in Fig. 5.4. 
Attempts were made to use the modified analogue computer 
programme but at the time a suitable computer was not available • 
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5.3 Design procedure using Computers 
A summary of the criteria for improving the design of 
the valve, as discussed in section 1.1)is that the valve should 
control the maximum possible hydraulic power, but it should 
maintain approximately its external physical size and that the 
electrical pOlfer input be a minimum. An additional criterion 
is that the valve should operate in the minimum possible time. 
A possible method of design is to alter the various 
parameters of the valve system separately noting the effect 
of the alteration by means of the computer programmes given, 
thus determine whether the alteration improves the deSign of 
the valve, as defined above, ·or not. However, since the 
solenoid parameters can only be altered individually on the 
digital computer and the valve parameters on the analogue 
computer this method of design has "to be c~rried out in two 
stages. In general, the valve will be able to control the 
maximum amount of hydraulic power in the fastest time if at 
any particular displacement the force from the solenoid is a 
maximum, noting that the mass of the armature will affect the 
time of operation. Thus the force displacement curve can be 
used as a cri teriOh of "goodness" o~ the solenoid. This 
characteristic for any particular solenoid can be obtained by 
the theoretical approach used in Chapter 2. It W) uld there-
fore be useful to start off with an existing solenoid and then 
to alter its parameters (e.g., dimensions, number of turns 
etc.) by a small amount and re-calculate its new force/ 
displacement characteristics to compare with the original , 
~ characteristics. This process could be repeated a large number 
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of times until a maximum curve is obtained. This approach 
would require vast amounts of calcluation which could only be 
done on a digital computer. To achieve this the same basic 
programme as given in Fig. 2 0 18 could be used except that all 
the dimensions of the solenoid and the number of turns of coil 
would be given symbols and the permeance of the flux paths would 
be calculated in terms of these symbols, then a separate data 
card would be added to the programme. To enable the assignment 
of symbols to the relative dimensions of a solenoid Fig. 2.15 
is re-drawn giving Fig. 5.5 
Further to Fig. 5.5 
Equation 2.33 becomes 
equation 2.~5 becomes 
(assume g remains ~1.5 t) 
equation 2.35 becomes 
where l7\.. l t -t- 'Z.. -\- e ~-~'2.) 
4 
(5.16) 
(5.17) 
~ ._------, ~I 1-----., 
I 
I 
i 
~2. 
i 
_1 
-
e.-' p. j.s-. 
. 3 I 
J-~t-, 
(a) Armature 
-:r'--- -
-! 
Q~,: 
I ,'\.7 
. .1 ~ 
-I>- ~ f/ 
-
Q~ 
(b) Yoke 
Part or solenoid 
Fig. 5. 5 
12 '? 
I-c\ 2 4 
-. 
..... -
130 
.. t -
7\:. 
- z.. + 1~ - ~ '-
equation 2.36 becomes 
equation 2.37 becomes 
(5.20) 
(5.21) 
equation 2.38 becomes 
Therefore, equation 2.70 becomes 
1'" "l[O. $ 2 2'1 + 2,. ;~ Jo~~ 6 '" 
+ (1.1 - ( ~q - RyJ /7\. 'y-t. 
1 (Q~ - Q-s) Q, 
)2 -- Qc, - z. +[l~ -lJ/7l) 
z +J.fo - J.. 1 
~1.£4- O. S-
~ + ~Q G:, - .Q'1. 
Thus equation ,.23 and ,.24, when written in Fortran IV can 
replace the expression for A and B in the computer programme 
given in Fig. 2.18"and by differentiating these two eClua tions 
{with respect to displacement) the new expressions for E and 
D can be found. The programme will now compute the force/ 
displacement characteristic for any given physical size of 
solenoido An additional programme could be added to enable the 
dimensions of the solenoid to be altered by increments and to 
compare the resultant force curves automatically. 
Using these results or the existing characterif!Jtics of .. the 
sole~oid type 18-7202 the modified analogue computer programme 
can be used to investigate the effect of the following changes. 
(a) to vary the spring stiffness, potentiometer Q40 and Q34 
are varied 
(b) to vary the amount of initial compression of the spring 
(i.e o , when the spool is central), potentiometer Q34 
is varied 
I~ I 
(c) to represent a non-linear spring, potentiometer Q40 
is replaced by a function generator 
(d) to vary the amount of travel of the spool before the 
orifice starts to open, potentiometer Q34 and P42 
are varied 
(e) to vary the radial dimension of the spool, potentiometers 
Q33 and Q41 are varied 
(f) to investigate the action of the valve when the solenoid 
is de-energised and the spool returning to its original 
position, initial condition can be applied to the z 
integrator (A31). 
To carry out a similar investigation when the valve is 
operating through both Openings there will be additional 
forces due to flow and rate of change of flow forces, the 
formulae for calculating these forces are given (equation 3.47 
and 3.49) and can be. included in the analogue computer 
programme. 
The following simple considerations can be deduced from 
this work. 
Further to Fig. 3.1, the orifice area is equal to the 
circumference of the spool times the axial distance (x) between 
the spools surface S and the valve body surface S. Thus the 
s p 
same orifice area, at the fully open position, can be obtained 
by increasing the diameter of the spool and decreasing the 
distance x. The effect of decreasing x would be to bring the 
armature of the solenoid closer to its fu~ly home position 
during the period the flow forces are acting on the spool, 
thus the force available from the solenoid will be greater. 
In addition, the peak flow force, as shown in Fig. 5.3, would 
occur at a point closer to the force axis which again means 
that there will be a higher force available from the solenoid' 
to overcome this force. If the diameter of the spool was to 
be increased by a factor of two then for the same area the 
orifice opening distance (x) is halved and the increase in 
force available from the solenoid at the point when the orifice 
just starts to open will be increased by approximately 45% 
(see Fig. 2030). The limit by which the spool diameter can 
be increased will be determined by consideration of the possible 
increase in leakage between the spool and valve body, possible 
increase in the chances of hydraulic lock occurring, and 
manufacturing techniques; however, these factors have not 
been considered in this work. 
The force/displacement curve for the solenoid in the 
case when the solenoid is operating the valve can vary 
depending on the transient behaviour of the current and the 
armature displacement. Examples of this characteristic, 
obtained from the computer results, are shown in Fig. 50 6. 
Because of the large variation in the curves shown in Fig. 5.6 
, i 
it is not thought useful to design a non-linear spring solely 
based on the force/displacement curve determined for the steady 
state current condition when the armature is stationary. 
, 
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5.4 stationary position in the spool displacement curve 
Further to Fig. 4.5 (e), (f) it is seen that the spool 
can s top and even move backwards., this occurs when the 
solenoid is switched on when thes~pply voltage is at its peak. 
The spool's motion is momentarily halted approximately in the 
region of the orifice starting to open. It is not thought that 
this will have any detrimental effect in the majority of 
applications of the valve. However, should it be decided to 
eliminate this effect in any particular application a circuit 
is given in Fig. 5.7. which ensures that the voltage is always 
supplied when the supply voltage is at zero. 
Further to Fig. 5.7, the circuit given in section A 
has a mains voltage input and provides a low power d.c. output 
which is the supply for cirCuit B. Circuit B is an integrated 
circuit(48) where terminals 5,8, 9, 10, 11, 13 are not used 
in this application. The function of this circuit is to ensure 
that the triac in circuit C is only fired when the mains supply 
voltage is passing through zero. The triac is a semi-conductor 
switch which enables the a.c. mains to be switched on or off 
depending on the voltage supplied to its gate terminal, 
(indicated by G on Fig. 5.7). Th~ cost of the complete 
circui t is approximately £:7. 
6. Discussion and conclusions 
Considering the proposed programme of work for this 
thesis given in the application form sub~tted to the C.N.A.A. 
it can be seen tba t the theoretical and experimental work has , 
been covered within certain boundaries and assumptions. 
The precise nature of these boundaries and assumptions have 
been defined in the relevant chapters of this work and the 
consequence of some of these assumptions are discussed later. 
From considering the proposed design criteria it can be 
concluded that the ultimate aim of this work was to design a 
valve which had the same overall size as the existing valve 
(or smaller), but was capable of controlling higher hydraulic 
power with solenoids that needed less electrical power input, 
all at an economical price. This has not been fully 
accomplished. However, it is thought that Chapter 5 does 
provide the tools by which an improved design of the valve 
could be attempted. 
References 17, 18, were consulted extensively through-
out this work, and in particular the application of the theory 
given in reference 18 for the calculation of the permeance of 
the flux paths in the solenoid was found to give good results. 
The writer would therefore like to express his gratitude to the 
authors of these references whose work has greatly aided the 
understanding of the valve system. 
The problem has also been used as an example in the 
application of systems analysis, and shows the advantage of 
obtaining individual networks of each SUb-system and byjoi.g.1ng 
these networks together a network ~f the complete system is 
formed; the governing equations for the complete system can 
be found from this network o This shows that network analysis 
yields a uniform method of solving probl~s which include a 
. 
number of SUb-systems, whether these sub-systems be from the , 
same engineering disclpline or not. 
It is thought that future work on this subject could 
be divided into two main divisions, these being, 
1. To accept in principle the network representation of 
the valve system given in this thesis as being 
adequate to represent the valve and to investigate 
further the operation of the valve. In particular 
the performance of the valve when the supply voltage 
to the solenoid is switched off and the spool is 
moving back to its equilibrium position under the 
action of the springs. Thus to use the computer 
programmes given in Chapter 5 (or modified programmes), 
to aid the design of a new valve to meet a set· of 
specification. It should be noted that alterations 
in the numerical values of certain parameters in the 
network are necessary to represent the valve when 
there is fluid flow through both of its openings. 
The necessary information for finding the new values 
can be found in Chapters 3 and 5. To study the 
operation of the valve when it supplies a hydraulic 
load it is necessary to replace the network given 
in Fig. 4.1 (c) with the cpmbination of the network 
given in Fig. 3.10 and a network that will represent 
the hydraulic load. This latter network would have 
to be derived for the particular load. 
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2. To consider various aspects of the valve which 
either have been shown to need further consideration 
or has not been investigated in this work:- Further 
to Fig. 3019 and References 13, 15, there is a good 
indication that the angle of floll' through the orifice 
is not a constant, as assumed in this thesis. From 
the experimental results given in Fig. 3019 this 
angle appears to be a function of the flow rate and 
the orifice axial gap width. The effect of this 
discrepancy is to reduce the force on the spool due 
to steady state fluid flow. 
Further to Fig. 4.5 the experimental results 
show that the spools motion is often oscillatory 
before settling in the fully-open position. This part 
of the dynamic operation of the spool cannot be studied 
theoretically with the existing analogue computer 
programmes given in this thesis because the amplifiers 
reach the limit of their operation. Therefore to study 
the spools complete dynamic behaviour it would .. b~ 
necessary to consider the permeance of the iron path 
in the solenoid and then tp produce a modified and 
re-scaled analogue computer programme. 
Some aspects of the valve which have not been 
considered in this thesis are 
(a) hydraulic lock between spool and valve, 
(b) 
(c) 
friction due to 10' ring~, 
the effect of hysteresis and eddy currents in , 
the solenoid, 
(d) when the valve is connected in certain systems 
and the spool is in the central position the 
pressure at the tank ports can be high. 
Thus there will be a force acting on the 
ends of the striker pins pushing against the 
solenoid, 
(e) further to Fig. 1 0 1, if the flow of fluid 
is as indicated, there is a pressure drop 
along the fluid path between the two tank 
ports, this pressure difference between the 
fluid acting on the two ends of the spool thus 
giving an additior~l force acting on the 
spool. 
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Appendix 
Between the 11th November )968, and the 1st April 1969, 
the writer attended a course on a part-time basis at the City 
University, Department of Automation Engineering. This was a full-
time postgraduate course in automation engineering leading to a 
Degree of Master of Science. The subject matter studied was :-
(a) Systems Theory and Design (Dynamics analysis and 
Models) 
(b) Control Theory (Linear and non-linear) 
(c) Computing (use of Fortran Computer language) 
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